To implement K-user multi-rate multi-power transmission in non-orthogonal multiple access systems with successive interference cancellation, a repeat accumulator code serially concatenated with a spreading is employed for each user to implement a variable, low-rate coding. A joint rate and power optimization (RPO) is proposed to maximize the sum rate with error free decoding. Numerical results show that our proposed codingspreading scheme with joint RPO, supporting the multi-rate transmission with the same structure of encoder, approaches the Shannon limit.
(PO) as long as each user has an ideal channel code. Previous works [1, 2, 3] are mainly based on this assumption of ideal code. It is intuitively to think that code design for NOMA systems is not necessary, since each user can employ the conventional well-designed channel codes directly.
However, NOMA systems need to support massive of users and multiple rates to meet the requirements for diverse services. An increase in the number of users will result in very serious multi-user interference, so that some users need low-rate codes to guarantee the decoding performance. Moreover, such systems should support various rates for the various multimedia services. Employing conventional well-designed low-rate LDPC or Turbo code, is impractical since users have to employ difference encoders to realize multi-rate transmission. It is required to design a bank of variable, low-rate channel codes with the same structure of encoder.
In this paper, for K-user multi-rate multi-power NOMA systems with SIC, we use a repeat accumulator (RA) code serially concatenated with a spreading for each user to implement a variable, low-rate coding, where the transmission rate can be changed flexibly by varying the repeat number and spreading length. Here, users employ the identical RA encoder, although their transmission rates are different. Moreover, both RA and repetition (spreading) codes are simple and computationally efficient. To enhance the system performance, we propose a joint rate and power optimization (RPO) to maximize the sum rate. Numerical results show that our proposed coding-spreading scheme with joint RPO, supporting the multi-rate transmission with the same structure of encoder, approaches the Shannon limit.
System model
In this section, we simply introduce K-user multi-rate multi-power NOMA systems in Fig. 1 .
Suppose there are K active users simultaneously transmitted information to a base station. For the kth user, we employ a rate-1=q k RA code serially concatenated with a length-l k spreading. The kth user's transmission rate is r k ¼ 1=ðq k l k Þ. Adjusting information bit lengths B k guarantees the same length of transmitted signal vectors B k q k l k ≜ N for each user and realizes multi-rate transmission. The sum rate is R sum ¼ P K k¼1 r k . Let p k be the transmission power of the kth user. The total power is P sum ¼ P K k¼1 p k . The receiver gets a superimposed signal vector y ¼ ðy 1 ; Á Á Á ; y N Þ at time j is 
where z j is a zero-mean Gaussian variable with a variance of 2 . The SIC performs the decoding process of each user successively [4] .
3 Joint rate and power optimization (RPO)
In this section, for given K, P sum , and 2 , we give the optimal rate and power profile, which achieves the optimal sum rate with error free decoding. Before proceeding, let us consider a single-user system with a rate-1=q RA code serially concatenated with a length-l spreading under the interference power ς and noise power 2 . For given transmission power p, we find an optimal pair of ðq Ã ; l Ã Þ that gives the maximum rate of 1=ðq Ã l Ã Þ by extrinsic information transfer (EXIT) chart. Since the rate must be less the capacity, it holds that 1=ðq Ã l Ã Þ 0:5 log 2 ð1 þ p=ð& þ 2 ÞÞ. Hereafter, for simplicity's sake, we still use ðq; lÞ to represent ðq Ã ; l Ã Þ.
Now, let us turn back to our multi-rate multi-power NOMA systems. The SIC receiver decodes the K users' information in the order of increasing user index by assumption. After recovering the information bits of the first k À 1 users, the receiver subtracts these k À 1 users' signals from the received signal, and decodes the kth user's information by regarding the remaining K À k users' signals as interference with power & k ¼ P K k 0 ¼kþ1 p k 0 . For the joint RPO, let us first consider the K real powers. Multi-user information theory tells us that arbitrary power allocation can provide the sum rate to approach the capacity of K-user Gaussian multiple access channel [4] X K k¼1 0:5 log 2 
if K random codes are used. This implies a reasonable assumption of a equal-ratio power allocation, i.e.,
Since P sum ¼ P K k¼1 p k , we have
For the kth user with interference power & k , given power p k in (4), the EXIT chart analysis (see above) gives the optimal ðq k ; l k Þ that provides the maximum rate 1=ðq k l k Þ in SINR k ¼ p k =ð& k þ 2 Þ. Since this optimization is given at the power ratio of μ, we denote this optimal rate and power profile by ≜ ððq 1 ; l 1 ; p 1 Þ; Á Á Á ; ðq K ; l K ; p K ÞÞ, that provides the maximum sum rate R max ¼ P K k¼1 1=ðq k l k Þ. The assumption of equal-ratio power allocation above is based on the random codes, which have arbitrary rates and thus are flexible to their corresponding real powers. In our work, the kth user's rate 1=ðq k l k Þ is discrete with the restriction of integers q k and l k . Therefore, the simple equal-ratio power allocation may results in a sum-rate loss. For this reason, we set 2 ½ min ; max . The value of min ð max Þ is determined by a minimum transmission rate requirement for each user. Over this range, we obtain the optimal rate and power profile Ã as
which gives the optimal sum rate R Ã sum ¼ P K k¼1 1=ðq Ã k l Ã k Þ with error free decoding. In our RPO, there are two special cases. When ¼ 1, users have the same power, and only rate profile is optimised [5] . In the case of each user's rate being the same, information theory shows that its optimized power profile satisfies (3) with ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Numerical results
In this section, we present some numerical results by the above joint RPO. Let's set K ¼ 10, P sum ¼ 10, and SNR ¼ P sum = 2 ¼ 2 dB. Our RPO provides sum rate R sum for 2 ½ min ¼ 0:74; max ¼ 1:55 (see Fig. 2(a) ). The gap between the threshold and Shannon limit is also shown in Fig. 2(a) . Among R sum , R Ã sum ¼ 0:50 is the maximum at Ã ¼ 0:76 and thus is the optimal sum rate with the minimum gap of 1.98 dB. The corresponding optimal rate and power profile Ã and it's threshold are illustrated in Table I . In Ã , the first user's transmission rate of 0.00625 is very low, which is implemented by the rate-1/5 RA code and the length-32 spreading. Also in Fig. 2(a) and Table I , RO [5] ( ¼ 1:00, equal power) gives sum rate R sum ¼ 0:45, the gap of 2.48 dB, and the corresponding optimal profile. On the other hand, PO [4] ( ¼ 1:10, equal rate) also gives these optimal values. Compared with RO and PO, our RPO improves the maximum sum rate by 0.05 and 0.08, and decreases the gap by 0.50 and 0.39 dB, respectively at SNR = 2 dB. This improvement is also available for other SNRs. We omit the discussion at the SNRs due to limited space. The reason why RPO is superior to RO and PO is that RPO employs multiple equal-ratio power μ, and choose the optimal ratio Ã , which gives the power profile well matched with the rate profile, and compensates the sum-rate loss due to the restriction of discrete rates of RA code and spreading. It is interesting to give a comparison of sum rates between the coding-spreading and coding-only in Fig. 2(a) . In the coding-only scheme, each user only employ a RA code (l k ¼ 1), where q k and p k are jointly optimized. Obviously, our codingspreading scheme outperforms the coding-only scheme. The reason is that in the lower SINR of p=ð& þ 2 Þ, the (single-user) coding-spreading works better than coding-only (see Fig. 2(b) ). Note that, in the coding-only scheme, employing conventional well-designed low-rate LDPC or Turbo codes, may also approach the Shannon limit, but is impractical since users have to employ difference encoders.
Conclusion
In multi-rate multi-power NOMA systems with SIC, we employed an RA code serially concatenated with a spreading for each user to implement a variable, lowrate coding. We proposed a joint RPO to maximize the sum rate. Numerical results show that our proposed coding-spreading scheme with joint RPO, supporting the multi-rate transmission with the same structure of encoder, approaches the Shannon limit. 
